Abstract. This study focused on developing a gastroretentive drug delivery system employing a triplemechanism interpolyelectrolyte complex (IPEC) matrix comprising high density, swelling, and bioadhesiveness for the enhanced site-specific zero-order delivery of levodopa in Parkinson's disease. An IPEC was synthesized and directly compressed into a levodopa-loaded matrix employing pharmaceutical technology and evaluated with respect to its physicochemical and physicomechanical properties and in vitro drug release. The IPEC-based matrix displayed superior mechanical properties in terms of matrix hardness (34-39 N/mm) and matrix resilience (44-47%) when different normality's of solvent and blending ratios were employed. Fourier transform infrared spectroscopy confirmed the formation of the IPEC. The formulations exhibited pH and density dependence with desirable gastro-adhesion with Peak Force of Adhesion ranging between 0.15 and 0.21 N/mm, densities from 1.43 to 1.54 g/cm 3 and swellability values of 177-234%. The IPEC-based gastroretentive matrix was capable of providing site-specific levodopa release with zero-order kinetics corroborated by detailed mathematical and molecular modeling studies. Overall, results from this study have shown that the IPEC-based matrix has the potential to improve the absorption and subsequent bioavailability of narrow absorption window drugs, such as levodopa with constant and sustained drug delivery.
INTRODUCTION
Despite the decades since the discovery of Parkinson's disease (PD), its treatment and management still poses a significant challenge. Anticholinergic drugs such as levodopa, selegiline, amantadine, bromocriptine, and catechol-Omethyltransferase inhibitors are used for the management of PD. Levodopa remains the gold standard and the most effective anti-parkinsonian agent eventually required by all patients with PD. Levodopa was for the first time injected into patients in 1961 (1) . Subsequently, it was discovered that the absorption and bioavailability of levodopa was significantly reduced by metabolism through decarboxylation, O-methylation, transamination, and oxidation (2) . Increasing the dose of levodopa and concomitant administration of levodopa with carbidopa, a decarboxylase inhibitor, were the early approaches employed to enhance the bioavailability of levodopa. However, larger doses increased the associated side-effects (3). Consequently, drug delivery technologies were employed to enhance the bioavailability of levodopa. Initially, immediate-release dosage forms were formulated in combination with decarboxylase inhibitors, such as carbidopa or benserazide. However, these immediate-release formulations produce erratic plasma levels of levodopa (4) . In order to overcome these erratic plasma levels of levodopa, controlled release formulations were developed. Although the controlled release dosage forms improved on the erratic drug release profiles, they do not significantly enhance the bioavailability. Furthermore, the side-effects observed with controlled release dosage forms did not differ much from those of the immediate-release formulations (5) .
Hence, further studies were undertaken to improve the bioavailability and subsequent therapeutic effect of levodopa. Pharmaceutical technologies have been one of the major approaches employed in this regard. Apart from immediate release and controlled release dosage forms; liquid formulations, dispersible tablets, oral disintegrating tablets, dual-release formulations, infusions, microspheres, implants, transdermal matrices, pulmonary, nasal, and rectal formulations have also been designed and developed to enhance the delivery of levodopa (6) . However, many of these pharmaceutical approaches have not effectively enhanced the bioavailability of levodopa, reduced side-effects or produced constant plasma levels. While infusions may have enhanced the bioavailability and continuous dopaminergic stimulation, they still remain invasive and cumbersome for patients (6) . Consequently, oral drug delivery is the most convenient route of administration and remains the major focus of research in optimally delivering levodopa. One of the challenges faced with levodopa is that the drug undergoes specific-site absorption mainly in the duodenum by a saturable facilitated transport mechanism specific to aromatic and branched amino acids (2) . Hence, drug delivery technologies that can ensure continuous and prolonged delivery at this site by increasing the gastric residence time in order to improve the bioavailability are preferred. Controlled release gastroretentive drug delivery systems for narrow absorption window drugs can: (1) improve the absorption and bioavailability of these drugs over a prolonged period, (2) reduce the frequency of dosing, (3) target drugs required at the stomach or proximal small intestine hence reducing erratic concentrations of drug and side-effects, and (4) enhance the therapeutic efficacy (7) . Hydrodynamically balanced systems are floating systems comprising levodopa and benserazide that have been developed and marketed for treating PD. However, the gastric residence time of such formulations was not significantly extended as anticipated, which may explain the similar pharmacokinetic profile it shares with the conventional controlled release formulations (8) . Other gastrorententive drug delivery systems developed for the delivery of levodopa include unfolding multilayer delivery systems (8) , multiple-unit sustained release floating minitablets (9) and coated multiple-unit sustained release floating minitablets (10) . However, significant advancement in the treatment of PD with levodopa requires the development of an oral formulation that can improve the absorption and bioavailability of levodopa with constant therapeutic plasma concentrations.
Therefore, this study focused on developing a controlled release gastroretentive drug delivery system for the site-specific delivery of levodopa which may improve the absorption and bioavailability of levodopa as well as prevent erratic plasma levels by providing zero-order release for the management of PD. Furthermore, the study was undertaken to improve on the shortcomings of the various approaches of gastroretention by developing a triple-mechanism gastroretentive drug delivery system employing an interpolyelectrolyte complex (IPEC) to design a high density, swelling, and bioadhesive matrix for enhanced delivery of levodopa at a constant rate over a prolonged period of time. To characterize and evaluate the drug delivery system, a few pertinent characterization techniques such as Fourier transform infrared (FT-IR) spectroscopy, texture analyses, swellability testing, gastro-adhesivity testing, and in vitro drug release testing were employed.
MATERIALS AND METHODS

Materials
Eudragit® E100 (EUD; methacrylate copolymer; M w 0 47,000 g/mol, Evonik Röhm GmbH and Co. KG, Darmstadt, Germany), sodium carboxymethylcellulose (NaCMC M w 0 250 kDa, Fluka Biochemika, Buchs, Switzerland), locust bean (Ceratonia siliqua; M w 0310 kDa, Sigma-Aldrich, Steinheim, Germany), barium sulfate, potassium phosphate monobasic (KH 2 PO 4 ), pullulan (PLLN; Aureobasidium pullulans; product number P4516), and 3-(3,4-dihydroxyphenyl)-L-alanine were purchased from Sigma-Aldrich Inc. (Steinheim, Germany).
Acetic acid glacial, hydrochloric acid (HCl), sodium hydroxide (NaOH), silica, potassium chloride (KCl), and magnesium stearate were purchased from Merck Chemicals (Pty) Ltd. (Gauteng, South Africa). Ortho-phosphoric acid was obtained from BDH Chemicals (Poole, England).
Synthesis of the IPEC as a Gastroretentive Matrix Platform
EUD was milled and dissolved in 50-mL 0.1 N acetic acid while NaCMC was dissolved in 50-mL deionized water until homogenous mixtures were obtained. The EUD solution was then added into the NaCMC solution and agitated vigorously for 1-3 h. Thereafter, locust bean gum was added and agitated for 15 min. This formed an interpolymeric blend (IPB) that was subsequently lyophilized for 48 h and thereafter milled before direct compression to produce the gastroretentive matrix. The polymer ratios within the IPB are as shown in Table I . Formulations 1 and 3 that constituted EUD-NaCMC in the ratios of 1:0.5 and 0.5:1 respectively were further synthesized in 0.2, 0.4, 0.6, 0.8, and 1.0 N acetic acid.
Molecular Structural Component Determination of the IPEC
FT-IR spectra were obtained for the native polymers and the IPB using a PerkinElmer spectrometer (PerkinElmer Spectrum 100, Beaconsfield, UK) over a wavenumber range of 4,000-650 cm −1 to elucidate and confirm the structural modification of the IPB as a result of combining the native polymers EUD and NaCMC.
Direct Compression of the IPEC into a Gastroretentive Matrix
The IPB was directly compressed with the excipients listed in Table II using a Carver Hydraulic Press (Carver Industries Inc., Wabash, IN) at 3 tons. Blending of the components was undertaken in the following sequence: (1) relevant quantities of the IPB were added and blended in an alternating manner with the excipients, (2) silicon dioxide was firstly blended with some quantity of the IPB followed by the model drug levodopa, (3) PLLN and barium sulphate was then added, and (4) magnesium stearate was added and blended continuously for 2 min thereafter. Determination of the Density of the Gastroretentive Matrix
The volume of the gastroretentive matrix was determined by obtaining its diameter and thickness using an electronic digital caliper (repeatability, 0.01 mm; Hangzhou United Bridge Tools Co Ltd., Zhejiang, China) while the mass was ascertained gravimetrically using a weighing balance (tarring range, 0-110 g; Denver Instrument Co., CO). Hence, the density for the matrix was computed after having obtained the mass and volume.
Evaluation of the Physicomechanical Strength of the Gastroretentive Matrix
The physicomechanical strength of the matrix was deduced from force-distance profiles using a Texture Analyzer (TA.XTplus, Stable Microsystems, Surrey, UK). The matrix hardness (MH) and deformation energy (DE) tests were performed using a 2-mm flat-tipped steel probe while matrix resilience (MR) analysis was performed with a 36 mm cylindrical probe fitted to the instrument. Data were captured through Texture Exponent Software (V3.2).
Gastro-adhesivity Testing of the Matrix
Freshly excised stomach tissue from a euthanized Large White pig model was obtained and equilibrated in 0.1 N HCl. The gastro-adhesive strength of the matrix was determined using a Texture Analyzer through Texture Exponent Software (V3.2) (TA.XTplus, Stable Microsystems, Surrey, UK). The Peak Force (PF) and the Work of Adhesion (WA) to separate the matrix from the tissue were used to assess the gastro-adhesivity of the matrix. The PF value is the maximum force required to detach the tissue from the matrix while the WA value was determined from the "area under the curve" between the force-distance profile (AUC FD ).
Assessment of the Matrix Swelling
The swelling of the matrix was determined in 0.1 N HCl. Briefly, the matrix was weighed, placed in pre-weighed wire baskets and immersed in 100 mL of 0.1 N HCl and placed in an orbital shaking incubator (LAS Equipment Co. (Pty) Ltd., South Africa) set at 37°C. The relative increase in mass was determined gravimetrically at time intervals over 24 h and the degree of swelling was subsequently determined using Eq. 1. Matrix swelling for each formulation was undertaken in duplicate with proximate results observed and the average reported.
Degree of swelling
Where, M t is the mass of the matrix at time t, and M 0 is the initial mass of the matrix.
In Vitro Drug Release Studies
Drug release was assessed using USP dissolution apparatus II (Erweka DT700, Erweka GmbH, Heusenstamm, Germany). The temperature and stirring rate were maintained at 37±0.5°C and 50 rpm respectively while the dissolution media comprised 900 mL of 0.1 N HCl. The matrix was also tested in buffer media of pH 1.5 and 4.5. Samples (5 mL) were withdrawn at predetermined time intervals and replaced with the same volume of drug-free media to maintain sink conditions. The quantity of levodopa released was quantified using a UV spectrophotometer (Lambda 25 UV/Vis Spectrophotometer, PerkinElmer, MA). In vitro drug release studies were also performed by varying the normality of acetic acid in buffer pH 1.5 (standard buffer KCl/HCl), 4.5 (0.025 M KH 2 PO 4 / H 2 PO 4 ), and 6.8 (standard buffer KH 2 PO 4 /NaOH) in order to visualize the behavior of the matrix within these media but not for determining the release of levodopa since it is unstable at these pH levels. Drug release studies were undertaken in duplicate within each medium for every formulation, and the average data are reported. Drug release profiles were further analyzed by kinetic modeling in terms of first-order, zeroorder, Higuichi, Korsmeyer, and Peppas relationships.
Static Lattice Atomistic Simulations for Determination of Matrix Gastro-adhesivity
All molecular modeling computations were performed using HyperChem™ 8.0.8 Molecular Modeling (Hypercube Inc., Gainesville, FL) and ChemBio3D Ultra 11.0 (CambridgeSoft Corp., Cambridge, UK). The structure of PLLN (4 units saccharide) was built from standard bond lengths and angles using the Sugar Builder Module on HyperChem 8.0.8 while the structure of the mucopeptide analogue (MUC) was generated using the Sequence Editor Module. The models were energy minimized using a progressive convergence strategy where initially the MM+force field was used followed by energy-minimization using the Assisted Model Building and Energy Refinements (AMBER 3) force field. The conformer having the lowest energy was used to create the polymer-polymer and polymer-solvent complexes. A complex of one polymer molecule with another was assembled by disposing the molecules in parallel, and the same procedure of energy minimization was repeated to generate the final models: PLLN, MUC, and PLLN-MUC. Full geometrical optimization was performed in vacuum employing the Polak-Ribiere conjugate gradient algorithm until an RMS gradient of 0.001 kcal/mol was reached. For molecular mechanics computations in vacuum, the force fields were utilized with a distance-dependent dielectric constant scaled by a factor of 1. The 1-4 scale factors used were electrostatic 0.5 and van der Waals 0.5 (11). RESULTS AND DISCUSSION
Synthesis of the IPEC
Upon blending transparent EUD and NaCMC solutions, white strand-like precipitates were produced within the gel matrix for the combination ratios of 1:0.5 and 1:1 of EUD and NaCMC, respectively. This indicated incomplete interaction at such ratios. Hence at the end of 3 h, the product resembled an entangled gel with whitish strands. However, at the stoichiometrical ratio of 0.5:1 of EUD and NaCMC, respectively, an insoluble homogenous white blend was produced. At a 0.5:1 ratio, cationic EUD and anionic NaCMC interacted to form an IPEC. The IPEC formed was a distinct blend with no significant physical transition of the blend observed with the addition of locust bean apart from an increase in viscosity. However, based on computational modeling, although locust bean is a neutral galactomannan polymer (12, 13) , it acted as a linker between EUD and NaCMC with intermolecular H bonding. The hydrophilic groups of locust bean displayed affinity to existing H 2 O molecules that led to a further increase in viscosity as locust bean gum swelled. The H 2 O molecules within the IPEC sublimated during the lyophilization process resulting in an anhydrous porous scaffold-like IPEC. Observably, the degree of porosity increased with an increase in the normality of acetic acid; although, after lyophilization, the scaffold-like IPEC was milled for direct compression.
Spectroscopic Chemical Structure Analysis of the IPEC
FT-IR spectra obtained for the native polymers (EUD and NaCMC) are shown in Fig. 1a while the chemical structural transitions for various compositions of the IPEC are shown in Fig. 1b- , and those of NaCMC were identified at 3,210.04, 1,587.18, 1,411.77, 1,321.86, and 1,019.59 cm −1 . The blend between EUD and NaCMC produced a chemical interaction as evidenced by the spectra obtained, while incorporation of locust bean resulted in a physical interaction. The chemical interactions between EUD and NaCMC led to the disappearance or diminished characteristic peaks of EUD at the homogenous blend ratio of 0.5:1 as found in formulation F3. This modification in the structure of EUD altered its solubility in acid and thereby responsible for the modification of the rate of levodopa release in acidic medium. The aliphatic aldehyde peaks of EUD at 2,821.42 and 2,769.84 cm −1 disappeared in formulation F3 but was still visible in formulations F1 (1:0.5) and F2 (1:1). The other formulations were based on the same ratios 1:0.5 and 1:1, 0.5:1 of EUD/NaCMC, respectively. Hence, the focus was directed to the formulations, F1, F2, and F3. The peak for EUD at 747 cm −1 that was present in both F1 and F2 disappeared in F3. However, the distinct carbonyl peak at 1,725 cm −1 diminished in F3 while it was still very pronounced in F2 and F3. This indicated that a few carbonyl groups were involved in the interaction while the aliphatic aldehyde groups were converted to aliphatic alcohols that sublimated during the lyophilization process. The peak at 1,143.69 cm −1 for EUD shifted to 1,145.59 cm −1 but remained distinct in F1 and F2 while in F3 it appeared as a shoulder to the characteristic peak of NaCMC at 1,019.12 cm −1 , which also shifted from 1,019.59 cm −1 . The impact of locust bean on the chemical structural modification could not be seen from the spectra except for that of F1 which had a peak at 868.06 cm −1 which was typical to locust bean as shown in Fig. 1a . This may be due to the fact that F1 was more of a heterogeneous blend. Furthermore, it was envisaged that the homogeneity of F3 resulted in an almost superimposed spectra ( Fig. 1e) with very slight differences in the degree of absorbance at the various frequencies or peaks with F3 in 1.0 N acetic acid having the highest degree of absorbance at peaks 1,725, 1,589, 1,408, 1,268.50, and 1,019 cm
. This was indicative of the impact of varying the normality of acetic acid which may influence the behavior of the IPEC in terms of the degree of swelling, matrix erosion and subsequent drug release. In contrast, spectra obtained for F1 were not superimposed since the differences in the degree of absorbance for each spectrum were distinct. Polymer modification in this case polymer−polymer interaction altered the properties of the native polymers to enhance the drug delivery properties. The IPEC obtained was therefore suited to improve the release of levodopa over a prolonged period at a fairly constant rate due to a possible change in matrix behavior and performance of the IPEC in dissolution media.
Direct Compression of the IPEC into a Gastroretentive Matrix
IPEC compositions were directly compressible and not friable. This indicated that additional compaction enhancing excipients were not required for formulation the gastroretentive matrix. Excipients that were added included a density enhancing agent (BaSO 4 ), silica as a glidant and magnesium stearate as a lubricant to improve the flow properties of the IPEC during gastroretentive matrix manufacture by direct compression. PLLN was added as a bioadhesive agent. The IPEC showed desirable compactibility and compressibility at 2 and 3 tonnes of compression with no evidence of capping or lamination.
Density Analysis of the IPEC-Based Gastroretentive Matrix
The matrix density determination of each formulation is shown in Table III . The density values ranged between 1.43 and 1.54 g/cm 3 . This was indicative of the ability of the matrix to sink down to the antrum of the stomach due to being significantly denser than the typical gastric content within the stomach. Although a density value of >2.4 g/cm 3 is advocated for highdensity delivery systems to ensure prolonged gastric residence time (14, 15) , it was envisaged that the IPEC-based matrices will still provide gastric residence with a density value less than recommended since the matrix constitutes three mechanisms of gastroretention (1) high density, (2) swellability, and (3) gastro-adhesivity. From physiological studies, it can be deduced that nondisintegrating single-unit drug delivery systems would remain in the stomach in the fed phase and would be emptied via peristalsis (16) . Drug delivery systems are more prone to clear from the stomach at fasted-state than fed state due to peristalsis. Hence, the IPEC-based matrix with a density value of 1.4 g/cm 3 and nondisintegrating at stomach pH, when ingested, will sink to the antrum of the stomach and will be emptied only during peristalsis. However, it was envisaged that the ability of the IPEC-based matrix to swell beyond the size of the pylorus and its gastro-adhesivity would facilitate retention of the matrix in the stomach even beyond the period of peristalsis.
Physicomechanical Property Analyses of the IPEC-Based Gastroretentive Matrix
Physicomechanical property analyses was undertaken since the MH, DE, and MR are indicative of the stability of the IPECbased matrix and the ability to withstand pressure during direct compression and to restore its original dimensions after compressional stress applied during textural analysis. MH and MR also indicate the degree of matrix density and porosity which affects the drug release profile by transitioning the rate of dissolution medium influx into the matrix (17) . A lower MH and MR may indicate the presence of voids which collapse on application of stress. Porosity also determines the quantity of DE required to alter the matrix. The harder the matrix, the less the energy absorbed or the more the DE which also affects the MR. The inherent properties of the polymers utilized in the formulation of the matrix also determines the degree of hardness. Furthermore, in the course of this study, it was also observed that lyophilization may have contributed to matrix strengthening. Native polymers which would not ordinarily retain a 3D network after matrix formation would do so through lyophilization. The different formulations as shown in Table IV indicated superior MH values that ranged from 34.720 to 39.707 N/mm; DE values from 0.012 to 0.014 Nm while MR ranged from 44.25 to 47.65%. Overall, all formulations had desired physicomechanical strength (MH030-40 N/mm; DE00.012-0.015 Nm; and MR045-50%) and therefore would be able to withstand the pressures of manufacture and use. Typical forcedistance and force-time profiles obtained are shown in Fig. 2 .
Gastro-adhesivity Testing of the IPEC-Based Gastroretentive Matrix
The IPEC-based matrices from different polymer ratios and normality of acetic acid were found to be gastro-adhesive as shown in Figs. 3a-b and 4a-c. The interactions between the Fig. 1 . FT-IR spectra for the IPEC: a native polymers namely locust bean, EUD, and NaCMC; b formulations F1-5; c formulations F6-10; d formulations F1-3; e formulation F1 in varying normality of acetic acid; and f formulation F3 in varying normality of acetic acid gastric mucosal surfaces and drug delivery systems formulated from bioadhesive polymers include covalent bonding, H bonding, electrostatic forces, such as Van der Waal forces, chain interlocking, and hydrophobic interactions (18, 19) . These interactions are regulated by pH and ionic conditions. The degree of interaction between the polymers and mucus is also dependent on the mucus viscosity, degree of entanglement and water content (18) . Upon increasing the applied force from 0.5 to 1 N, the peak adhesive force (PAF) and work of adhesion (WA) increased. Increased applied force normally increases intimate contact by causing viscoelastic deformation at the interface between the mucus and the drug delivery system (18) . Although the contact time employed was 5 s, the gastro-adhesive results were commensurable and if contact time was increased, there would have been a subsequent increase in the interaction of the polymeric chains with the mucus which would have led to an increased gastro-adhesion. The PAF and WA values were found to be higher when the IPEC-based matrices adhered to the gastro-epithelium. This may have been enhanced by the presence of the microbial bioadhesive agent, PLLN from A. pullulans included within the matrices. Microbial adhesions are postulated to have the capability of increasing mucoadhesion to the epithelium (20) . It is envisaged that the incorporation of PLLN within the IPEC-based gastroretentive matrix would overcome the challenge of rapid mucus turnover thereby prolonging gastric residence time since it can adhere to the gastro-epithelial cells.
Assessment of the IPEC-Based Matrix Swelling
Drug release kinetics from a polymeric matrix is affected by structural features of the polymer network, the process of hydration, swelling and degradation of the polymer(s) (21) . As the dissolution medium is absorbed by the matrix, it swells; the incorporated drug dissolves and diffuses through the pores and out of the matrix. The rate of diffusion depends on the degree of swelling thereby affecting the quantity of drug released with time. The swelling process is affected by the polymer-solvent interaction, presence of drug and degree of crosslinking (22) . Increasing the degree of crosslinking would lower the degree of swelling thereby reducing water content and subsequent diffusion of drug from the hydrogel (23) . Matrices formulated with purely EUD dissolved in acidic medium while pure NaCMC matrices swelled to 384% its original size with loss of its 3D network. However, the IPEC (EUD-NaCMC) swelled to an even greater extent than NaCMC (465%) and maintained its 3D network. On addition of locust bean gum, the hydrophilic groups developed affinity for the available H 2 O holding capacity of the IPEC thereby reducing the degree of swelling of the blend to <300%. Table V list the degree of swelling obtained for the various formulations at t 24 h . However, formulation F3 was selected to determine the degree of swelling at time intervals over 24 h. Formulation F3 was selected since an ideal IPEC was obtained at that ratio (0.5 EUD/1.0 NaCMC) and Fig. 5a depicts the degree of swelling profile over 24 h. It was observed that the degree of swelling decreased as the normality of acetic acid increased from 229% (0.1 N acetic acid) to 202% (1.0 N acetic acid) (Fig. 5b) . Consequently, it was expected that the rate of levodopa release from the IPEC-based gastroretentive matrix will decrease as the normality of acetic acid increases.
In Vitro Drug Release Analysis
Desirable release profiles of levodopa were obtained as depicted in Fig. 6a-e . Notably, the 3D network of the matrix was retained over the 24-h period of the study. However, on physical touch of the hydrated matrices following dissolution, it was observed that F5 was the softest purportedly due to higher concentration of EUD which was three times greater than the concentration of NaCMC with weak associations since more NaCMC is required for stronger interactions. The matrices that required pressure on touch in order to collapse were F3, F7, and F10 which was most certainly due to the presence of more NaCMC in the formulation than EUD. In , and F10 are distinct from other formulations that were more aligned. The degree of crosslinking in the matrices for which the profiles slightly aligned may have been due to weak interactions and minimal salt generation during synthesis of the IPEC. The mechanism of drug release was clearly by swelling, dissolution, and diffusion of levodopa since the matrices retained their 3D network in 0.1 N HCl and buffer of pH 1.5. This was confirmed by mathematical modeling shown in Table VI . F1 was selected and synthesized in different normality's of acetic acid. However, not much difference was observed as the profiles were practically aligned as depicted in Fig. 6c . Although there were increased acetate ions as the normality increased, the required salt for threshold crosslinking was not generated due to the lower concentration of NaCMC. However, differences in levodopa release could be seen when F3 was selected for altering the normality in acetic acid (Fig. 6d ). The differences depicted by the profiles indicated the varying degree of crosslinking with varying normality's of acetic acid. The matrices in dissolution media 0.1 N HCl and buffer pH 1.5 (standard buffer KCl/HCl) generated desirable levodopa release profiles as depicted in Fig. 6d , e and still retained their 3D network. Hence, the mechanisms of drug release involved in these media were matrix swelling and dissolution followed by the subsequent diffusion of levodopa from the matrix. Interestingly, as the pH increased to 4.5, the matrices underwent gradual swelling with surface erosion throughout the 24-h period indicating that the drug release mechanism from the IPEC-based matrices was pH dependent. Consequently, the drug release profiles at pH 4.5 as shown in Fig. 6f differed from those obtained at pH 1.5 or 0.1 N HCl (Fig. 6d, e) . Surface erosion occurred when the rate of erosion was greater than the rate of hydration (rate of absorption of dissolution medium) and occurred at constant velocity which lead to reproducible kinetics of erosion and levodopa release that essentially followed zeroorder kinetics (24, 25) . Hence, the mechanism of drug release at pH 4.5 was principally surface erosion, matrix swelling, dissolution and subsequently diffusion of levodopa from the matrix thus producing zero-order release profiles. Figure 7 shows digital images of F3 at pH 1.5 and 4.5. It was observed that the matrices did not completely erode at the 24th hour. However, the degree of erosion decreased as the normality of acetic acid increased which in turn affected the drug release profile as well as the fractional drug released at the 24th hour as shown in Fig. 6f . A more linear drug release profile (zero order) was obtained for F3 in 0.1 N acetic acid which eroded more than the other formulations, indicating that erosion may have been its principal mechanism of drug release. In addition, dissolution was undertaken at pH 6.8, the focus was not on the drug release but rather on the behavior of the IPEC-based matrices. This was undertaken since the model drug, levodopa, is known to be unstable at pH 6.8 and therefore the fractional drug release was not obtained. However, it was observed that the matrices underwent surface erosion as well over 24 h. Hence the technology employed in synthesizing the IPEC may be explored for further development of drug delivery devices for application where constant rate of delivery is required in other sites of the gastrointestinal tract. 
Mathematical Modeling of Drug Release Profiles
The drug release profiles were fitted into zero-and firstorder kinetic algorithms, and the data are shown in Table VI . The zero-and first-order models used are shown in Eqs. 2 and 3.
Where f t is the fraction of drug released in time t and K 0 is zero-order constant. The zero-order release constant and the regression squared were obtained by plotting fractional drug released versus time. Where Q t is the quantity of drug release in time t, Q 0 is the initial quantity of drug in dissolution medium which is usually zero and K 1 is the first-order constant. The first-order constant and regression square were obtained by plotting the log of cumulative quantity remaining (log(Q 0 −Q t ) versus time.
Drug release profiles obtained in dissolution media of HCl and buffer pH 1.5 best-fitted first-order release kinetics. However, the release profiles of formulations F3 in buffer pH 4.5 best-fitted zero-order release kinetics as shown in Table VI . Furthermore, the drug release profiles were fitted to Higuchi and Korsmeyer-Peppas equations, and the overall best-fit model was obtained for each formulation. Typically, the Higuchi equation is based on Fick's law of diffusion and is shown in Eq. 4.
Where Q is quantity of drug released per time t, and K H is Higuchi dissolution constant which is obtained by plotting cumulative percentage or fractional drug release versus square root of time (26) .
The Korsmeyer-Peppas Equation as expressed in Eq. 5 was employed to evaluate the mechanism of drug release. The equation was used to explicate the drug release pattern from the IPEC-based matrix when the mechanism of release is not well known or more than one release mechanism is entailed (27) .
Where Q t /Q ∞ is the fractional drug release per time t, K is the constant indicating the structural and geometric characteristics of the matrix, and n is the release exponent. K and n were obtained in accordance with Eq. 6 by plotting the log of percentage drug released (<60%) against the log of time (26) .
For a cylindrical matrix, the release mechanism is Fickian diffusion if n00.45, non-Fickian release or anomalous transport if 0.45<n<0.89, case II transport or zero-order release if n00.89, and super case II transport if >0.89 (26, 27) . The values of the release exponent obtained for the IPEC-based matrices are shown in Table VI . Majority of the IPEC-based matrices fitted with the Korsmeyer-Peppas model and all values of the release exponent n were indicative of anomalous transport since the constants were within 0.45<n<0.89. The exponent values n are indicative that the drug release pattern involved a combination of mechanisms as observed experimentally and explicated earlier in this manuscript.
Prediction of the Mucoadhesive Potential of the IPEC-Based Gastroretentive Matrix
The global energy relationships for the various IPEC complexes derived after AMBER 3 are shown in Eqs. 7-9. 
